In this study, numerical simulation on acceleration characteristics of a supersonic free jet through utilization of a plasmajet was conducted, where the supersonic free jet was accelerated through an interaction in a shear layer between the free jet and plasmajet. In this analysis, the governing equations including two-dimensional compressible Reynolds-averaged Navier-Stokes equations (RANS) were calculated with a commercial code, ANSYS Fluent v. 14.5. As for the turbulence model, a k-ε realizable turbulence model was employed. In this paper, when a plasma flow is used for the center nozzle, the velocity is higher especially in potential core part than in the case of unheated flow because of a hot core flow of the plasmajet.
Introduction 
Interactions of several jets have been widely applied in a variety of fields and attracted strong interests for practical applications and theoretical problems because of the complexities of the physical mechanism for interpretation of the flow field, for example, supersonic jet interactions of clustered rocket exhaust plumes for thrust augmentation [1] and of fuel/oxidizer injectors for enhanced mixing through shear layers [2] [3] [4] . On the other hand, applications of augmentation of flow velocities have been widely employed for propulsion systems, such as aircraft engines (gas-turbine engines), rocket engines, etc., and for high-speed wind tunnels, as well Refs. [5, 6] . Among them, a regime of electrothermal acceleration, in which a flow is electrically heated, usually by arc discharge, and then aerodynamically accelerated through a nozzle, is primarily used in material processing (as plasmajets) [7, 8] , space propulsion Corresponding author: Yuka Arai, B.Sc. in engineering, research fields: fluid dynamics and aero-thermodynamics. systems (as arcjet thrusters) [6, 9] , and arc-heated wind tunnel facilities [10] . With the electrothermal acceleration, since input powers into the flow can be electrically controlled with the control of discharge currents, total temperatures, or namely velocities, can be actively controlled. However, in those devices, the flow of the feedstock is directly heated and then its total temperature is increased. Because of the elevated temperature, use of the flow on surface of materials with low-melting points (or low decomposition temperatures) is not acceptable for material processing, etc.
Therefore, in this study, a novel regime for the acceleration of a supersonic flow with a plasmajet under atmospheric condition is proposed and assessed. Although the above mentioned electrothermal regime employs the direct heating of the flow for acceleration, advantages of the indirect acceleration of the flow with an interaction of the flow with the plasmajet through a shear layer are investigated.
In addition, effects and physical mechanisms of the interaction of the flows through the shear layer for effective acceleration of the flow are to be elucidated.
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In this study, an investigation with a computational fluid dynamic simulation code is conducted on:
(1) influence of number of jets of coaxial, annular, multi nozzles for efficient acceleration of the flow,
(2) potentials on acceleration of a supersonic jet with a plasmajet, and,
(3) optimum operational conditions, of the plasmajet, i.e. total temperatures, exhaust Mach numbers, etc.
Computational Method
In this study, a commercial CFD solver, ANSYS Fluent v. 14.5, was employed to analyze an axisymmetric Reynolds-averaged Navier-Stokes equations. As for the turbulent model, realizable k-ε model [11] was employed. The fourth-order Runge-Kutta method and Roe-FDS method were employed for time-and spatial-discretization scheme, respectively.
A simulation model is illustrated in Fig. 1 showing axisymmetric, coaxial, circular, triple nozzle jets. Dimensions of the axisymmetric domain are 150 mm and 20 mm in axial (x-direction) and radial (y-direction) directions, respectively. At an inlet boundary (left, at -x) on the centerline, three inlets of coaxial supersonic jets from a coaxial triple nozzle are placed. The right (at + x) and top (at + y) outer boundaries are outlet boundaries, and an axisymmetric boundary for the centerline (at y = 0).
A schematic illustration of the axisymmetric, coaxial, triple supersonic jets is shown in Fig. 2 . A diameter of the plasmajet (nozzle 1) labeled as "D" is assumed as a characteristic length of the domain. The width of the smallest grid is 0.05 mm. The main flow subjected to the acceleration with a plasmajet (nozzle 1) is a supersonic jet exhausted from nozzle 2. A jet from the third nozzle (nozzle 3) is an assisting jet for the supersonic jet from nozzle 2. A detailed role of nozzle 3 is assessed and described in Section 3.1.
Outlet conditions and a schematic illustration of the coaxial triple supersonic jets are given in Table 1 and 
Fig. 3
Schematic illustration of the coaxial triple supersonic jets and conditions. Fig. 3 , respectively. Flows inside and outside of the nozzles are regarded as non-reactive air flows, and a plasmajet is assumed as a high-temperature (or heated) non-reactive air jet, for simplicity.
Computational Results and Discussions
The Influence of the Number Nozzles of Coaxial, Annular, Multi Jets
Conditions
In this section, an investigation on the influence of number nozzles of coaxial, annular, multi jets was conducted for efficient acceleration of the flow. Flow conditions of the jets from the nozzles, which are labeled as nozzle 1, 2 and 3, are listed in Table 2 . The main flow subjected to the acceleration with a plasmajet (nozzle 1) is a supersonic jet exhausted from nozzle 2. A jet from the third nozzle (nozzle 3) is an assisting jet for the supersonic jet from nozzle 2. Comparison of nozzle conditions was conducted among cases of 1 nozzle (plasmajet only), 2 nozzles (plasmajet and annular supersonic jet), and 3 nozzles (2 nozzles plus an assisting jet of the third nozzle (nozzle 3)). (1)
From the figures, it is shown that larger velocities and energies can be obtained at central region to jet boundary region y/d = 4 for x = 0.050 m and x = 0.100 m with the increase of number of jets, or especially with a triple nozzle configuration. Although not shown in these figures, simulation results with various conditions for an assisting jet of nozzle 3 showed that relatively lower Mach numbers are more significant to suppress a tendency of overexpansion of the inner jet of nozzle 2. From the result, a role of the jet of nozzle 3 with an appropriate condition must be to adjust an ambient pressure (or static pressure of the jet of nozzle 3) for the inner jet of nozzle 2 to an optimum pressure and to suppress overexpansion of the jet form nozzle 2. 
The Effectiveness of a Plasmajet on Acceleration of a Coaxial Free Jet
Condition
In this section, an investigation is conducted to assess the effectiveness of a plasmajet on acceleration of a coaxial free jet. A simulation model and outer boundary are as described in Chapter 2.
An investigation is conducted on the influence of conditions of the plasmajet (nozzle 1) on acceleration of a coaxial supersonic free jet. The conditions of the nozzles are listed in Table 3 , where heated plasmajet of nozzle 1 labeled as case1-1, and non-heated jet of nozzle 1 as case1-2. 
Results and Discussions
Distributions of velocity magnitude and Mach number in the nearness of the nozzles at non-dimensional time of t* = 767 are shown in Figs. 6a and 6b, respectively.
From the figure, it is shown that higher velocities can be maintained up to downstream region in heated jet condition (case1-1) than non-heated jet condition (case1-2). On the other hand, as for Mach numbers, higher numbers can be maintained in non-heated jet condition (case1-2). Since a total temperature of the heated jet is higher (approximately 7 times) than that of non-heated jet, causing a much difference in speeds of sound at nozzle outlets in both cases, local static temperatures and speed of sounds of heated jet case (case1-1) are larger, then resulting in lower local Mach numbers than non-heated jet case (case1-2).
Distributions of normalized velocity and kinetic energy are plotted in Fig. 7 , which are normalized by the results of non-heated jet case (case1-2) by Eqs.
(1) and (2), at x = 0.100 m downstream from the nozzle. From the figure, it can be seen that higher velocities (about 3.5 times higher than non-heated jet case) are obtained from the center region to y/d = 3. Since velocities of the non-heated jet case are smaller at downstream region, especially near the outer jet boundary, at y/d = 4.5, effects of the heated jet on velocities are significantly enhanced by factor of 5. As for normalized kinetic energies, higher kinetic energies (about 6 times higher) can be obtained from the center region to y/d = 3. Because of the smaller kinetic energies of the non-heated jet at an outer jet boundary, at y/d = 4.5, at downstream region, effects of the heated jet on increase of kinetic energies are significantly enhanced by factor of 14.
From the results, it is shown that the heated jet at the center is more effective than a non-heated jet in acceleration of coaxial outer jets.
In addition, gradients of axial (x-) component velocity in radial (y-) direction, du/dy, are considered. Fig. 8 shows variations of the velocity gradients for heated and non-heated jet cases at x = 0.050 m downstream from the nozzle. With the heated jet case, magnitudes of the velocity gradients become largest at y = 0 to 0.002 m, corresponding to a separation between a central heated jet (nozzle 1) and a coaxial outer jet (nozzle 2), or namely at a shear layer. Moreover, at y = 0.003 to 0.004 m, corresponding to another separation, or shear layer, between nozzle 2 and nozzle 3, the values are large. On the other hand, in the non-heated jet case, tendencies are similar, however, their magnitudes are smaller than heated jet case.
Since local shear stresses acting on fluid elements are proportional to the local velocity gradients (du/dy), momentum and energy transfers in the shear layer from an inner heated jet to an outer jet in the heated jet case must be more efficient than those of non-heated case. Moreover, higher magnitudes of the velocity gradients must be more efficient in the momentum and energy transfers.
The Influence of Total Temperatures of the Plasmajet (Nozzle 1) on Acceleration of a Coaxial Supersonic Free Jet
Condition
In this section, the influence of total temperatures of the plasmajet (nozzle 1) on acceleration of a coaxial supersonic free jet is compared and discussed. A simulation domain and dimensions are similar to those employed and described in the previous section. The conditions of the central plasmajet are listed in Table 4 , where different total temperatures of the heated plasmajet of nozzle 1 are labeled as case2-1 for T 0 = 1,000 K, case2-2 for T 0 = 3,000 K, and case2-3 for T 0 = 4,000 K.
Results and Discussions
Distributions of velocity magnitude and Mach number in the nearness of the nozzles at non-dimensional time of t* = 767 are shown in Figs. 9 and 10 , respectively. From the figure, it is shown that higher velocities can be maintained further to downstream region in higher temperature cases of heated jet conditions. On the other hand, as for Mach numbers, higher numbers can be maintained to downstream region in lower temperature cases. In a case of the highest total temperature (case2-3), the largest values in magnitude of velocities can be maintained further to downstream region. As can be seen in these figures, since positions and strengths of normal or oblique shock waves in exhaust region of the plasmajet outlet are different with the increase of total temperature, influences of the shocks on the downstream flow are significantly different. In these figures, a significant drop in Mach number is occurring due to a normal shock at the nozzle exhaust region except case2-3 where oblique shocks and expansion fans are occurring alternatively and forming shock cell structures [12] .
Distributions of normalized velocity and kinetic energy are plotted in Fig. 11 , which are normalized by the results of heated jet case (case1-1, T 0 = 2,000 K) at x = 0.100 m downstream from the nozzle. From the figure, it is shown that magnitudes of the normalized velocities become larger with the increase of total temperatures. This is simply due to the larger total enthalpies with higher temperature cases. Although differences of the normalized kinetic energies for total temperatures of 1,000 K, 2,000 K and 3,000 K are insignificant, significantly larger energies can be obtained with that of 4,000 K by factor of 1.5. Due to smaller kinetic energies of the lower temperature cases at outer jet boundary, at y/d = 6, at downstream region, effects of the total temperature on increase of kinetic energies are significantly enhanced by factor of 1.7.
From the results, it can be expected that further increase of the total temperature is more effective in acceleration of coaxial outer jets.
Comparing results of total temperatures of 2,000 K (case1-1) and 4,000 K (case2-3), although the total enthalpy is increased by factor of 2, the gain of the kinetic energy is by factor of 1.5. Therefore, it appears that conversion efficiencies of the total enthalpies to kinetic energies are becoming suppressed with the increase of the total temperature due to the enhanced complexity of the flow.
Variations of velocity gradients (du/dy) are plotted in Fig. 12 for various total temperature cases at x = 0.050 m downstream from the nozzle. From the figure, it is shown, in all cases, that magnitudes of the velocity gradients become largest at y = 0 to 0.002 m, corresponding to a boundary between a central heated jet (nozzle 1) and a coaxial outer jet (nozzle 2), or namely at a shear layer. Moreover, relatively large velocity gradients are given at y = 0.003 to 0.004 m, corresponding to another boundary, or shear layer, between nozzle 2 and nozzle 3. In addition, the magnitudes of the velocity gradients become greater with the increase of total temperatures. Since local shear stresses acting on fluid elements depend on local velocity gradients (du/dy), it is shown that momentum and energy transfers in the shear layer from an inner heated jet to an outer jet become more effective with elevated temperatures. Larger magnitudes of the velocity gradients must be more efficient in the momentum and energy transfers, or namely acceleration of the flow.
The Effect of Mach Numbers of Plasmajets
Condition
In this section, the influence of Mach numbers at outlet of the plasmajet (nozzle 1) on acceleration of a coaxial supersonic free jet is assessed. A simulation domain and dimensions are similar to those employed and described in the previous sections.
The conditions of the central plasmajet (nozzle 1) and coaxial jets (nozzle 2, 3) are listed in Table 5 , where different Mach numbers of the heated plasmajet of nozzle 1 are labeled as case3-1 for M = 1.8, case3-2 for M = 1.9, case3-3 for M = 2.0, and case1-1 for M = 2.65.
Results and Discussions
Distributions of Mach number at non-dimensional time of t* = 767 are shown in Fig. 13 . From the figure, it is shown that higher Mach numbers can be maintained to downstream region in smaller Mach number cases of heated jets outlets. This is probably because of the suppressed strengths of shocks, or namely reduced magnitudes of losses, with the decrease of Mach numbers of the plasmajets (nozzle 1). Distributions of normalized velocity and kinetic energy are shown in Fig. 14, which are normalized by the results of heated jet case (case1-1, M = 2.65) at x = 0.100 m downstream from the nozzle. From the figure, it is shown that magnitudes of the normalized velocities and kinetic energies are relatively large at near centerline region. Moreover, comparing the results with those of M = 2.65, smaller Mach number of the plasmajet, i.e. M = 1.8 to 2.0, or M = 1.9, is more effective to obtain larger velocities and energies. However, their differences are insignificant.
Variations of velocity gradients (du/dy) are shown in Fig. 15 for various Mach number cases of the plasmajet at x = 0.050 m downstream from the nozzle.
From the figure, it is shown, in all cases, that magnitudes of the velocity gradients become largest at y = 0 to 0.002 m, corresponding to a boundary between a central heated jet (nozzle 1) and a coaxial outer jet (nozzle 2), or namely at a shear layer. Moreover, relatively large velocity gradients are obtained at y = 0.003 to 0.004 m, corresponding to another boundary, or shear layer, between nozzle 2 and nozzle 3. In addition, the magnitudes of the velocity gradients become larger with the reduction of Mach numbers of the central heated jet (nozzle 1). Larger magnitudes of the velocity gradients must be more efficient in the momentum and energy transfers, or namely acceleration of the flow. Therefore, it appears that smaller Mach numbers of the plasmajet are more effective in acceleration of the coaxial jets.
Conclusions
In this study, numerical simulation on acceleration characteristics of a supersonic free jet through utilization of a plasmajet was conducted, where the supersonic free jet was accelerated through an interaction in a shear layer between the free jet and plasmajet. All in the results obtained:
A role of the jet of nozzle 3 with an appropriate condition must be to adjust an ambient pressure (or static pressure of the jet of nozzle 3) for the inner jet of nozzle 2 to an optimum pressure and to suppress overexpansion of the jet from nozzle 2. Momentum and energy transfers in the shear layer in the heated jet case must be more efficient than those of non-heated case.
Further increase of the total temperature of the plasmajet was more effective in acceleration of coaxial outer jets.
Smaller Mach numbers of the plasmajet were more effective in acceleration of the coaxial jets.
